Energy-resolved neutron transmission imaging technique using an accelerator-driven pulsed neutron source and a time-resolved two-dimensional detector can obtain the Bragg-edge transmission spectrum at each pixel. In this technique, crystallographic information can be visualized over a wide area of a sample. We used this method to investigate the crystallographic information of a modern Japanese sword produced by Masamitsu in 1969. As a result, shifting and broadening of the (110) Bragg-edge was confirmed at the cutting-edge side. It is evidence that the martensite phase exists at the cutting-edge side as a result of the quenching process. By comparing with results of the old Japanese swords, it is found that the martensite region in the modern Japanese sword is wider or deeper than one in the old swords. In addition, we can see strongly preferred orientation of the crystal grains at the boundary between the martensite phase on the cutting-edge side and the ferrite phase on the back-edge side.
Introduction
The metallographic characteristics are essential information to clarify making processes of the Japanese swords, because these processes were not documented well in the past. The Japanese swords have been produced in various eras and areas since ancient times. In order to discuss characteristics of the Japanese swords depending on areas and eras, we need to analyze many Japanese swords. It is necessary to analyze them non-destructively because the old Japanese swords have historical value. Neutron imaging is a powerful tool to study metallic cultural heritages because of non-destructive, high penetrating power and capability to get crystallographic information [1] [2] . By analyzing the position dependent Bragg-edge spectra, quantitative visualization of the crystallographic information of the Japanese swords can be achieved [3] . We plan to investigate historical Japanese swords. The comparison of modern and historical swards will lead to a better understanding of the various crystallographic characteristics. In this work, we investigated crystallographic information of the modern Japanese sword made by Masamitsu in 1969.
Experimental procedure
In this work, we measured a modern Japanese sword in order to compare with the old Japanese swords. The Japanese swords are generally made of a carbon steel and was quenched and tempered. Overview of the modern Japanese sword made by Masamitsu in 1969 is shown in Fig. 1 . This experiment was performed at BL22 RADEN in J-PARC MLF [4] . The proton beam power in the present work was 150 kW. The neutron moderator was a decoupled-type supercritical para-H 2 moderator. As a time-resolved two-dimensional detector, we adopted a neutron sensitive gas electron multiplier (n-GEM) detector [5] with a 0.8 × 0.8 mm 2 pixel resolution and a 10.24 × 10.24 cm 2 detection area (128ch × 128ch). The sword and a detector were placed at 24 m from the neutron source. The collimator ratio L/D was 1000 since a pinhole placed at 8 m from the neutron source was set in the diameter of 15 mm. The wavelength resolution Δλ/λ at λ = 0.4 nm was 0.2%.
The experimental setup used is shown in Fig. 2 . As shown in Fig. 3 , the Japanese sword was measured in three different areas, Tang, Middle and Tip areas. Measurement time was 7.2 hours in the Tang area, 8.6 hours in the Middle area, 7.2 hours in the Tip area and 6 hours for the direct beam. Bragg-edge analysis By using a time-resolved two-dimensional neutron detector at a pulsed neutron source, we can acquire an energy-or wavelengthdependent transmission spectrum at each pixel in the detector with the time-of-flight (TOF) technique. From the neutron transmission spectra of a polycrystalline metallic material, the Bragg-edge structures shown in Fig. 4 can be obtained. Since the Bragg-edge shape appears as a result of neutron diffraction in a polycrystalline or a powder sample, this spectrum contains crystal structure information of the sample. We can extract some information, such as the projected atomic number density, lattice constant, preferential orientation and crystallite size, from the Bragg edge spectrum. The Bragg-edge spectra were analyzed by the neutron Bragg-edge analysis code RITS [6] . The RITS code has two analysis modes, a single-Bragg-edge analysis mode and a Rietveld-type (wide wavelength bandwidth) analysis mode. The single-Bragg-edge analysis mode was used to extract the precise Bragg-edge position and the Bragg-edge broadening by fitting the experimental spectrum to Jorgensen function. The Rietveld-type analysis, in which the whole Bragg-edge spectrum shape is determined through the non-linear least square fitting procedure, was used to extract the projected atomic number density, preferential orientation and crystallite size [6] . In order to improve data statistics, neutron counts in 2 × 2 pixels (1.6 × 1.6 mm 2 ) were summed up into one pixel. As a result, 64 × 64 pixels two-dimensional Bragg-edge spectra were obtained. We can visualize the crystallographic information of the modern Japanese sword (Masamitsu, 1969) by mapping those refined parameters.
Results and Discussion Single-Bragg-edge analysis
In the Japanese sword that is generally made of a carbon steel, the cutting-edge side is usually quenched to make the martensite phase to improve the hardness. The martensite is formed in carbon steels by rapid cooling or quenching of the austenite of iron, which allows for higher carbon content than the ferrite. In the quenching process, carbon atoms have no time to diffuse out of the crystal structure. Consequently, the face-centered cubic austenite transforms into a strained body-centered tetragonal martensite phase. The crystal lattice of martensite is distorted from the pure body-centered cubic structure. A clear difference in the Bragg-edge-position shift (d 110 ) and its broadening (w 110 ) between the ferrite and the martensite phase can be seen in the Bragg-edge spectra [7] . In general, for the martensite phase, the Bragg-edge position is shifted to the longer wavelength side and the width is broader than that of the ferrite phase. This tendency was also confirmed in the Japanese sword. Fig. 5 (a-c) and Fig. 6 (a-c) shows the 2D maps of the lattice spacing d 110 and the Bragg-edge broadening w 110 . Because the Bragg edge of the {110} crystal lattice plane is the largest, it was used in this analysis. As shown in Fig. 5 (a-c) , d 110 increases near the cutting-edge. However, the boundary region between the martensite and the ferrite phase seems to have slightly smaller d 110 values compared with the normal ferrite region. Fig. 6 (a-c) shows that w 110 also increases on the cutting-edge side. The width of a region showing large d 110 and w 110 is about 8 mm. The wider region on the cutting-edge side was quenched compared with the old Japanese swords [8, 9] . It is considered that quenching condition of the modern Japanese swords might differ from that of the old sword. Almost the whole region in Fig. 5 (a) shows non-martensite feature. This is because the Tang part was not quenched. Fig. 7 (a-c) shows the 2D maps of the projected atomic number density (ρt) of the Masamitsu. The projected atomic number density corresponds to the thickness of the sample. It shows that the physical shape of the Masamitsu changes smoothly. This map reflects the actual sword thickness. Fig. 8 (a-c) shows the 2D maps of the crystallite size (s) of the Masamitsu. The crystallite size is quantified by Sabine's primary extinction function [6] . This result shows that the crystallite size is sufficiently small over the whole region in the sword. It is considered that coarsening of crystal grain was not occurred in the heating processes. Fig. 9 (a-c) shows the 2D maps of the preferred-orientation parameter (r). The parameter r is quantified by March-Dollase function [6] . If the orientation distribution of crystal grains is completely random, r should be 1. If the preferred-orientation vector <hkl> is parallel to the neutron beam axis, r becomes less than 1. On the other hand, if the <hkl> plane is perpendicular to the beam axis, r becomes greater than 1. In this case, the <210> vector showed the best fitting results. Fig. 9 (c) shows that r is nearly 1 for the whole region at the Tip area. However, the boundary between the martensite and ferrite region shows greater r values in the Tang and Middle areas ( Fig. 9 (a-b) ). In order to discuss the difference in preferred-orientation feature between the tip and other regions, we have to investigate in more detail. The spatial distribution of the preferred-orientation might suggest some differences in sword fabrication processes. 
Rietveld-type analysis

Conclusions
We conducted the neutron Bragg-edge imaging to extract crystallographic information of a modern Japanese sword Masamitsu made in 1969. Valuable information of the crystallographic microstructure was revealed as follows:
(1) The cutting-edge side has larger lattice spacing and broader Bragg-edge width than that of the other side. This means that the martensite phase was created in the cutting-edge region. The width of the martensite region in the modern Japanese sword is wider than that of the old ones. It is considered that quenching condition of the modern Japanese swords might differ from that of the old sword. (2) Crystallite size seems to be well small over the whole region in the sword. It is considered that coarsening of crystal grain was not occurred in the heating processes. (3) At the Middle and Tang areas, the preferred orientation near the boundary between the martensite and ferrite phase seems to be stronger than that of the other part. The spatial distribution of the preferred-orientation might suggest some differences in sword fabrication processes. This work is step towards a better understanding of fabrication processes of historical Japanese swords. Some differences between the modern and old Japanese swords were confirmed. We will further investigate the detailed information on the micro-structural properties of the Japanese swords.
